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The control of quantum correlations in solid state systems by means of material engineering is a
broad avenue to be explored, since it makes possible steps toward the limits of quantum mechan-
ics and the design of novel materials with applications on emerging quantum technologies. In this
context, this Letter explores the potential of molecular magnets to be prototypes of materials for
quantum information technology. More precisely, we engineered a material and from its geometric
quantum discord we found significant quantum correlations up to 9540 K (even without entangle-
ment); and, in addition, a pure singlet state occupied up to around 80 K (above liquid nitrogen
temperature). These results could only be achieved due to the carboxylate group promoting a
metal-to-metal huge magnetic interaction.
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Quantum entanglement has received a considerable at-
tention as a remarkable resource for quantum information
processing[1–3]. In spite of that, it is fragile and can eas-
ily vanish due to the inevitable interaction of the system
with its environment[4]; and due to this condition, it was
thought that entanglement could only exist at low tem-
peratures. However, recently, it has been shown that
entanglement can also exist at higher temperatures, and
can be detected through the measurement of some ther-
modynamic observables[5–17].
Nevertheless, quantum entanglement does not encom-
pass all quantum correlations in a system and recent
studies have greatly expanded the notion of quantum
correlations[18–29]; and the measure of quantum excess
of correlations has been named as quantum discord [19–
21]. In the last years, it was understood that quantum
discord has an important role in many quantum infor-
mation processing even without entanglement. Notably,
this quantity can also detect quantum phase transitions
[25, 30, 31].
Despite much effort by the scientific community, there
are only a few results on the analytical expression of
quantum discord; and only for a certain class of states an
exact solution is known[23–27, 32, 33]. This fact stimu-
lated alternative measurements of quantum discord, the-
oretically and experimentally[22, 24, 29, 34–36]. The re-
cent demonstration that quantum discord can be mea-
sured by the thermodynamic properties of solids, such as
magnetic susceptibility, internal energy [35–37], specific
heat [35, 36] and even neutron scattering data [22], shows
that quantum correlations can be related to significant
macroscopic effects allowing the measurement and the
control of quantum correlations in solid state systems by
means of material engineering. Thus, the design of novel
materials becomes an actual challenge to overcome.
In this direction, molecular magnets can be an excel-
lent opportunity to achieve this goal as prototypes of ma-
terials for quantum information technology. They com-
bine classical properties, found in any macroscopic mag-
net, with quantum ones, such as quantum interference
and entanglement. The large gap between the ground
state and the first-excited state found in some materi-
als allows the existence of entangled quantum states at
higher temperatures[6, 11, 13, 17]. The study of molec-
ular magnets opens thus doors for new research toward
to the limits of quantum mechanics; and several aspects
are worthy of a thorough research, such as (i) how robust
their quantum features are against temperature and (ii)
how large systems can support these properties. These
results would lead to promising applications in quantum
technologies, specially devices based on quantum corre-
lations.
In this context, we show in this Letter that car-
boxylate based compounds can support quantum cor-
relations thousands of kelvins above room temperature.
We report the crystal structure and magnetic suscep-
tibility of a carboxylate based molecular magnet with
formula [Cu2(HCOO)4(HCOOH)2(piperazine)]; from
which the entropic and geometric quantum discord, based
on the Schatten 1-norm[39, 40], are extensively explored.
The analytical formulas for the quantum correlations are
derived as a function of the temperature using the mag-
netic susceptibility of the compound and the analysis
of the data suggests the existence of entanglement up
to temperatures of 681 K, while the measure of quan-
tum discord reveals that this system keeps at the singlet
ground state up to around 80 K. In addition, quantum
correlations would remain up to 9540 K, thousands of
kelvins above room temperature, even without entangle-
ment. Thus, we obtain very stable quantum correlations
2up to 513 K, the limit where this material can exist -
hundreds of kelvins above room temperature [38]. Due to
the material topology, these results represent the highest
temperatures, reported to date, wherein quantum corre-
lations can be supported.
As pointed out before, to obtain such strongly en-
tangled states at high temperature, we need to maxi-
mize the gap between the ground state and the first-
exited state. Thus, we have designed materials with
such features to enhance their quantum properties, and
then study the entropic and geometric quantum dis-
cord. The dinuclear copper(II) complex [Cu2(µ −
HCOO)4(HCOO)2]piperazine was the successful proto-
type synthesized, and its molecular structure is presented
on figure1.
(a)
(b)
Figure 1. (color online) Crystal structure of [Cu2(µ −
HCOO)4(HCOO)2]piperazine compound with (a) local
dimer polyhedron representation and (b) dimeric sheet view,
where the arrows represent the reduced magnetic structure of
the compound. Color scheme: Cu - green; O - red; N - blue.
Single-crystal structure analysis revealed that the com-
pound is composed of a dimeric cupric tetraformate
unit, with a short Cu − Cu internuclear separation of
2.628(2) A˚ and one piperazine molecule. The dimer
is formed by opposing square pyramidal CuO5 with a
very small distortion - see figure 1(a). The base oxy-
gen atoms on the adjoining pyramids are part of the
four-connecting carboxylate groups in a syn-syn confor-
mation leading to a strong magnetic interaction between
the dimers ions. The apical oxygen of the pyramid is
connected, via HCOO group (Cu − O = 2.12(1) A˚), to
other carboxylate group. The crystal structure is stabi-
lized by the intermolecular N − HO hydrogen bonding
with N(10) · · ·O(7) = 2.722(2)A˚ and N(10) · · ·O(8)ii =
2.745(2)A˚ (ii = 1 + x, y, z) forming an infinite two di-
mensional network.
From the magnetic point of view, the designed com-
pound [Cu2(µ − HCOO)4(HCOO)2]piperazine is of
highest interest, since it shows a short interaction path
between the metal centers. From their crystal structure,
previously described, it is possible to extract the mag-
netic structure, as shown on figure1(b). In this struc-
ture, copper dimers, with an intramolecular separation
of 2.628(2) A˚, are separated each other by a distance of
6.776(1)A˚. These dimers are arranged in linear chains
along a axis, and these chains are separated each other,
along c axis, by a distance of 8.176(1) A˚, forming thus
sheets of copper dimers - see figure 1(b). Magnetically
speaking, due to the much higher intra and inter chain
distances, in comparison to Cu-Cu intra-dimer distance,
we considered a model of isolated dimers. Considering
the Cu(II) ions under consideration have a d9 electronic
configuration, these material is an ideal realization of a
spin 1/2 dimer. The present model has one exchange
parameter: J , related to an intra-dimer interaction cor-
responding to the syn-syn conformation, as can be seen
at figure 1(a). Thus, the Hamiltonian expression of this
system is simply written as:
H = −J ~S1 · ~S2 − gµB ~B · (~S1 + ~S2) (1)
where g is the isotropic Lande factor.
The quantum properties of several materials have
been deeply analyzing by means of thermodynamic
quantities[5–17], and magnetic susceptibility χ has been
a good benchmark[5–8, 10–13, 17] due to the easy experi-
mental access. For the material under consideration, the
experimental χT quantity, for the whole range of tem-
perature considered (<300 K), is smaller than the Curie
constant of the dimer C = 1.34×10−4 µBK/FU-Oe; and
it is a clear signature that at least one exchange interac-
tions into the system is larger than the thermal energy
at room temperature. As a consequence, the paramag-
netic region is not reached for the temperature range in
which the susceptibility is measured and therefore this
experimental data cannot be described within the Curie-
Weiss law. These results are shown on figure 2. From
the theoretical point of view, the magnetic susceptibility
due to the Hamiltonian of equation 4 can be described
as[41, 42]:
χ(T ) =
2N(gµB)
2
kBT
1
3 + e−J/kBT
(2)
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Figure 2. (color online) Experimental (open circles) and theo-
retical (solid line) magnetic susceptibility times temperature.
The red line represents the fitting of Eq.(2) to the experimen-
tal data, where an extrapolation, up to higher temperatures,
was done using the optimized parameters. The dashed line
indicates the Curie constant for a Cu-Cu dimer.
and a fitting of the above to the experimental data
(shown on figure 2) were obtained with J = −748.5 K
(antiferromagnetically coupled ions) and g = 2.07. This
fitting was performed using DAVE-MagProp[43], a soft-
ware that analyzes and processes magnetic data. From
these fitting parameters, it was possible to extrapolate
this thermodynamic quantity to higher temperatures and
it is clear that the system indeed dimerizes at rather el-
evated temperatures, and these dimers remain isolated
down to the lowest measured temperature.
To go further and analyse the quantum correlations
by means of magnetic susceptibility, firstly, the spin-spin
correlation function c(T ) = 〈S(i)1 S(i)2 〉, where i = x, y, z,
must be written as a function of the magnetic suscepti-
bility χ. For this prototype material, i.e., an ideal spin
1/2 dimer, it reads as:
c(T ) =
2kBT
N(gµB)2
χ(T )− 1 (3)
From the above, the quantum discord can now be writ-
ten as a function of the magnetic susceptibility. Quantum
discord can be defined in terms of the von Neumann en-
tropy S(ρAB) = −Tr [ρAB log2 ρAB], where ρAB is the
density matrix of a composite system. The total correla-
tion I(ρA : ρB) = S(ρA)+S(ρB)−S(ρAB) is split into the
quantum part Q and the classical ones C(ρAB)[19, 20, 23–
28, 44], where the classical correlation of the composite
system ρAB is defined as:
C(ρAB) = max
[
S(ρA)−
∑
k
pkS (ρk)
]
(4)
where the maximum is taken over all positive operator-
valued measurements (POVM’s) {Bk} performed locally
only on subsystem B, with the conditional state ρk =
(IA ⊗Bk)ρ(IA ⊗Bk)/pk and the probability of obtain
the outcome k pk = Tr [(IA ⊗ Bk)ρ(IA ⊗Bk)].
Thus, the amount of genuinely quantum correlations,
called quantum discord can be introduced as an entropic
measure of quantum correlation in a quantum state, de-
fined as the difference between the total and the clas-
sical correlation, Q(ρAB) = I(ρA : ρB) − C(ρAB). Thus,
the entropic quantum discord depending on the magnetic
susceptibility reads as:
QE(T ) =
1
4
{[4− 3αTχ(T )] log2 [4− 3αTχ(T )] + 3αTχ(T ) log2 [αTχ(T )]}− (5)
1
2
{[1 + |αTχ(T )− 1|] log2 [1 + |αTχ(T )− 1|] + [1− |αTχ(T )− 1|] log2 [1− |αTχ(T )− 1|]}
where α = 2kB/N(gµB)
2.
On the other hand, the geometric quantum discord,
based on Schatten 1-norm, is a well-defined measure-
ment of the amount of quantum correlations of a state in
terms of its minimal distance from the set ω of classical
states[28, 44]. Geometric quantum discord reads then as:
QG(ρ) = min
ω
‖ρ− ρc‖ (6)
where ‖X‖ = Tr
[√
X†X
]
is the 1-norm, ρ is a given
quantum state and ρc a closest classical-quantum state
[28, 44].
It is described in references 28, 39, 40, and 44 for a
Bell diagonal state and can now be written as a function
of the magnetic susceptibility as:
QG(T ) =
1
2
∣∣∣∣ 2kBTN(gµB)2χ(T )− 1
∣∣∣∣ (7)
Furthermore, in order to make a comparison between
the quantum discord and the amount of entanglement in
the system under consideration, we adopt the measure
of entanglement of formation, which is oftenly used as a
measurement of entanglement, defined by[45, 46]:
E = −E+ − E− (8)
4where
E± =
1±√1− C2
2
log2
(
1±√1− C2
2
)
(9)
and C is the concurrence[1, 45, 46], that can now be
written as a function of the magnetic susceptibility as:
C = −1
2
[
2 + 3
2kBT
N(gµB)2
χ(T )
]
T < Te (10)
and zero otherwise; where Te ≈ |J |/kB ln(3) ≈
0.91|J |/kB is the temperature of entanglement, the max-
imum temperature below which there is entanglement[3,
6, 11, 12].
Figure 3 shows the entropic (equation 5) and geomet-
ric quantum discords (equation 7), as well as the en-
tanglement of formation (equation 8), as a function of
temperature, obtained from the experimental magnetic
susceptibility data - open circles - and the extrapolated
ones - solid lines. Note that, up to around 80 K (above
the liquid nitrogen temperature) the entropic discord and
the entanglement achieve the maximum value of unity,
i.e., the system is absolutely in the singlet ground state
(pure state). Above this temperature, the entanglement
is larger than entropic quantum discord and intercept
back this curve at 221 K. This phenomenon in which the
entanglement is larger than the quantum correlations can
be explained due to the fact that entanglement is a mix-
ture of purely classical and purely quantum correlations.
In addition, a direct comparison may lead to a misunder-
standing, since entanglement is a different measurement
of quantum correlation, as already discussed in references
26, 35, and 36.
From the entanglement of formation we can verify that
these copper dimers are entangled up to temperatures of
Te = 681 K when the entanglement has a sudden death.
However, from the entropic quantum discord we can ver-
ify that this material can support correlated quantum
states up to temperatures as high as 2320 K. However,
above 500 K the geometric quantum discord is larger than
the entropic one and it can survive up to 9540 K, thou-
sands of kelvins above room temperature and above the
entropic quantum discord. These are the highest temper-
ature reported on the literature wherein quantum cor-
relation can be supported in solid-state systems. This
means that the quantum correlations in this material
are very stable and survives up to the temperatures in
which the material exists; 523 K[38]. Is important to
emphasize that these results are only possible due to the
engineered metal-carboxylate compound and its syn-syn
conformation, that leads to a strong magnetic interaction
(J = −748.5 K). Therefore, carboxylate based molecular
magnets are one path toward achieving stable quantum
correlations at room temperature.
In summary, our main result was to provide to the lit-
erature an engineered material with a high stability of
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Figure 3. (color online) Temperature dependence of entropic
(solid red) and geometric (dashed black) quantum discords, as
well as entanglement of formation (dotted blue). Due to tec-
nhical limitations, experimental data (open circles) are mea-
sured only up to room temperature, but the theoretical ex-
trapolation (solid lines) goes further. Inset shows the region
where the entanglement is larger than entropic quantum dis-
cord, as well as the pure state up to around 80 K.
its quantum correlations against external perturbations.
We found that geometric quantum discord is significantly
diferente of zero up to 9540 K, while the entropic one
shows the existence of quantum correlations up to 2320
K; even when the entanglement is absent. Also remark-
able is realization of a pure state up to 83 K. This pro-
totype material has been achieved only after a successful
material engineering to ensure the highest exchange in-
teraction between spin 1/2 Cu ions into a dimeric struc-
ture. The core element to this realization is the carboxy-
late group, that yielded a very short (and direct) metal-
to-metal extraordinarily high magnetic interaction and
leads the material to be immune to decohering mech-
anisms. The study of this class of materials can now
open a large avenue for research towards to the limits of
quantum mechanics, leading to promising applications in
quantum technologies.
The authors would like to thank the Brazilian fund-
ing agencies CNPq, CAPES and FAPERJ. This work
was developed within the scope of the project CICECO-
Aveiro Institute of Materials, POCI-01-0145-FEDER-
007679 (FCT Ref. UID /CTM /50011/2013), financed
by national funds through the FCT/MEC and when ap-
propriate co-financed by FEDER under the PT2020 Part-
nership Agreement. Research at the Oak Ridge National
Laboratory Spallation Neutron Source and Center for
Nanophase Materials Science was sponsored by the Sci-
entific User Facilities Division, Office of Basic Energy Sci-
ences, of the U.S. Department of Energy.
Electronic Supplementary Information (ESI) avail-
5able: CCDC 1428140 for compound [Cu2(µ −
HCOO)4(HCOO)2]piperazine,contains the supplemen-
tary crystallographic data for this paper. Copy of the
data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK fax
(+44)1223 336033, e-mail: deposit@ccdc.cam.ac.uk
[1] M. A. Nielsen and I. L. Chuang, Quantum computation
and quantum information (Cambridge University Press,
2010).
[2] V. Vedral, Introduction to Quantum Information Science
(Oxford University Press, 2006).
[3] R. Horodecki, P. Horodecki, M. Horodecki, and
K. Horodecki, Reviews of Modern Physics 81, 865 (2009).
[4] T. Yu and J. Eberly, Science 323, 598 (2009).
[5] V. Vedral, Nature 453, 1004 (2008).
[6] D. Soares-Pinto, A. Souza, R. Sarthour, I. Oliveira,
M. Reis, P. Brandao, J. Rocha, and A. dos Santos, EPL
(Europhysics Letters) 87, 40008 (2009).
[7] O. S. Duarte, C. S. Castro, D. O. Soares-Pinto, and M. S.
Reis, EPL (Europhysics Letters) 103, 40002 (2013).
[8] O. Duarte, C. Castro, and M. Reis, Physical Review A
88, 012317 (2013).
[9] D. Soares-Pinto, J. Teles, A. Souza, E. Deazevedo,
R. Sarthour, T. Bonagamba, M. Reis, and I. Oliveira,
International Journal of Quantum Information 9, 1047
(2011).
[10] A. Souza, M. Reis, D. Soares-Pinto, I. Oliveira, and
R. Sarthour, Physical Review B 77, 104402 (2008).
[11] M. S. Reis, S. Soriano, A. M. dos Santos, B. C. Sales,
D. Soares-Pinto, and P. Brandao, EPL (Europhysics Let-
ters) 100, 50001 (2012).
[12] M. Wies´niak, V. Vedral, and Cˇ. Brukner, New Journal
of Physics 7, 258 (2005).
[13] A. Souza, D. Soares-Pinto, R. Sarthour, I. Oliveira, M. S.
Reis, P. Brandao, and A. Dos Santos, Physical Review
B 79, 054408 (2009).
[14] J. Hide, W. Son, and V. Vedral, Physical Review Letters
102, 100503 (2009).
[15] G. To´th, Physical Review A 71, 010301 (2005).
[16] S. Ghosh, T. Rosenbaum, G. Aeppli, and S. Copper-
smith, Nature 425, 48 (2003).
[17] V. Vedral, Scientific American 304, 38 (2011).
[18] K. Modi, A. Brodutch, H. Cable, T. Paterek, and V. Ve-
dral, Reviews of Modern Physics 84, 1655 (2012).
[19] H. Ollivier and W. H. Zurek, Physical Review Letters 88,
017901 (2001).
[20] L. Henderson and V. Vedral, Journal of Physics A: Math-
ematical and General 34, 6899 (2001).
[21] V. Vedral, Physical Review Letters 90, 050401 (2003).
[22] B.-Q. Liu, L.-A. Wu, G.-M. Zeng, J.-M. Song, W. Luo,
Y. Lei, G.-A. Sun, B. Chen, and S.-M. Peng, Physics
Letters A 378, 3441 (2014).
[23] Z. Ma, Z. Chen, F. F. Fanchini, and S.-M. Fei, Scientific
Reports 5 (2015).
[24] D. Girolami and G. Adesso, Physical Review A 83,
052108 (2011).
[25] M. Sarandy, Physical Review A 80, 022108 (2009).
[26] S. Luo, Physical Review A 77, 042303 (2008).
[27] A. Datta, A. Shaji, and C. M. Caves, Physical Review
Letters 100, 050502 (2008).
[28] F. Paula, T. R. de Oliveira, and M. Sarandy, Physical
Review A 87, 064101 (2013).
[29] B. Dakic´, V. Vedral, and Cˇ. Brukner, Physical Review
Letters 105, 190502 (2010).
[30] S. Pirandola, Scientific Reports 4 (2014).
[31] T. Werlang, C. Trippe, G. Ribeiro, and G. Rigolin, Phys-
ical Review Letters 105, 095702 (2010).
[32] K. Modi, T. Paterek, W. Son, V. Vedral, and
M. Williamson, Physical Review Letters 104, 080501
(2010).
[33] A. Brodutch and D. R. Terno, Physical Review A 81,
062103 (2010).
[34] S. Luo and S. Fu, Physical Review A 82, 034302 (2010).
[35] M. A. Yurishchev, Physical Review B 84, 024418 (2011).
[36] S. Aldoshin, E. Fel’dman, and M. Yurishchev, Low Tem-
perature Physics 40, 3 (2014).
[37] T. Chakraborty, H. Singh, S. Singh, R. K. Gopal, and
C. Mitra, Journal of Physics: Condensed Matter 25,
425601 (2013).
[38] This result was obtained by Thermogravimetric Analysis
(TGA), not shown.
[39] F. Ciccarello, T. Tufarelli, and V. Giovannetti, New
Journal of Physics 16, 013038 (2014).
[40] P. C. Obando, F. M. Paula, and M. S. Sarandy, Physical
Review A 92, 032307 (2015).
[41] M. Reis, Fundamentals of magnetism (Elsevier, 2013).
[42] B. Bleaney and K. Bowers, in Proceedings of the Royal
Society of London A: Mathematical, Physical and Engi-
neering Sciences, Vol. 214 (The Royal Society, 1952) pp.
451–465.
[43] R. T. Azuah, L. R. Kneller, Y. Qiu, P. L. Tregenna-
Piggott, C. M. Brown, J. R. Copley, and R. M. Dimeo,
Journal of Research of the National Institute of Stan-
dards and Technology 114, 341 (2009).
[44] J. Montealegre, F. Paula, A. Saguia, and M. Sarandy,
Physical Review A 87, 042115 (2013).
[45] W. K. Wootters, Physical Review Letters 80, 2245
(1998).
[46] S. Hill and W. K. Wootters, Physical Review Letters 78,
5022 (1997).
